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Partial decay widths of theX(3940) are evaluated in the 3P0 quark model, assuming a charmonium
scenario for its structure. In the study all model parameters are predetermined by other reactions.
The work reveals that it is difficult to accommodate the X(3940) with any cc¯ meson state in the
picture of the potential quark model plus the 3P0 quark dynamics.
PACS numbers: 14.40.Rt, 12.39.Jh
In the past decade, many new charmonium-like and bottomonium-like states referred to XY Z have been observed
experimentally. Their production processes include the double charmonium production, the B meson decays, the
two photon fusion, the initial state radiation and the decays of excited charmonium-like/bottomonium-like states. A
review and updated lists of XY Z states can be found in [1–3]. Many of these new states are unexpected states, which
do not fit into a simple picture of quark model [4]. In this respect, theoretical and experimental investigations of the
pattern of XY Z spectra are expected to provide a gateway to understanding the nonperturbative behavior of QCD.
The X(3872) is the first observed charmonium-like state, reported by the Belle Collaboration in 2003 [5], and has
been extensively investigated. The state X(3872) was observed in the pi+pi−J/ψ mode and later confirmed by the
Belle [6], CDF [7], D0 [8], BABAR [9], LHCb [10], and CMS [11] collaborations in more decay channels. It has been
pointed out in many works that X(3872) is not consistent with a simple cc¯ picture. The observed mass of X(3872)
differs from the mass of charmonium in the quark model calculation by ∼ O(100 MeV). In addition, the comparable
rates of the X → ρJ/ψ and X → ωJ/ψ decays imply strong violation of isospin symmetry, so the X(3872) is identified
as an exotic state. Several theoretical explanations of the structure of X(3872) have been proposed including the
molecular state [12–16], the tetraquark state [17–19], and the hybrid charmonium [20]. Among these proposals, the
loosely bound DD¯∗ molecular description is the most popular one since the X(3872) lies extremely close to the
DD¯∗ threshold. Different interactions between D and D¯∗, including the single pion exchange [21], both pion and
quark exchange [15], the pion and sigma meson exchange [22], and the general pseudoscalar, scalar and vector meson
exchanges [23], have been investigated.
The molecular picture naturally explains both the proximity of X(3872) to the D0D¯∗0 threshold and the isospin
violating J/ψρ decay mode, but fails sharply to understand the experimental data of branching ratios BR[X(3872)→
γJ/ψ]/BR[X(3872)→ pi+pi−J/ψ] andBR[B0 → X(3872)K0]/BR[B+ → X(3872)K+]. Instead, it is proposed in [24–
26] that the X(3872) may have a dominant cc¯ component with some admixture of D0D¯∗0. The detailed analysis of the
structure of X(3872) as a composite state containing both hadronic molecular (DD∗, J/ψρ, Jψω) and cc¯ components
has been studied in [27]. The strong and radiative decays X(3872)→ J/ψγ, ψ(2S)γ, J/ψpi+pi−, J/ψpi+pi−pi0, J/ψpi0γ
have been calculated. It has been shown that recent experimental data support a mixture of charmonium and
molecular interpretation of the X(3872).
For tetraquark interpretation, the X(3872) is predicted to be a JPC = 1++ tetraquark state with the symmetric
spin distribution [17]. However, this proposal was excluded later by the BABAR collaboration due to the negative
result of such charged partners [28]. Following Ref. [17], the mass of X(3872) is studied with QCD spectral sum
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2rules by including the contributions of higher dimension condensates [18]. Thereafter, the QCD sum rules have been
extensively utilized to study the hidden charmed/bottom tetraquark states.
Another very interesting exotic state is Z(4430). It was firstly reported by the Belle Collaboration in B → Kpi+ψ′
[29]. Even though it was not confirmed by BaBar [30], the recent observation by LHCb supported the existence of the
state [31]. It is a charged state and therefore cannot be described as a conventional charmonium or charmonium-like
state. Several theoretical investigations have been carried out to explain and predict the properties and structure of
Z(4430). One suggestion is that Z(4430) could be a genuine tetraquark state with [cu][c¯d¯ ] diquark anti-diquark content
[32]. Tetraquark interpretation is also proposed based on QCD-string model [33]. Additionally, D∗(2010)D¯1(2420)
molecular picture has also been proposed [34–37]. Other theoretical interpretations include cusp effect [38], ΛcΣ
0
c
baryonium state [39], Ds radial excitation [40], as well as QCD sum rule studies based on D
∗D¯1 molecule [41–43].
In this work, we are interested in the X(3940) state. It was first observed by the Belle Collaboration as an
enhancement at (3943± 6± 6) MeV in the spectrum of mass recoiling against the J/ψ in the process e+e− → J/ψX
via X(3940)→ D∗D¯ decay mode [44]. The decay width of the state is determined to be less than 52 MeV at the 90%
C.L. A new measurement of the X(3940) was performed in the processes e+e− → J/ψD(∗)D¯(∗) later by the same
collaboration [45] and the mass and width were reported M = (3942+7−6 ± 6) MeV and Γ = (37+26−15 ± 8) MeV. It is
noted that the X(3940) has been observed in the D∗D¯ channel but neither in the DD¯ nor the ωJ/ψ decay mode.
Since all lower-mass states observed in the process e+e− → J/ψX recoiling against J/ψ have J = 0 (the ηc(1S), χc0
and η′c(2S) as shown in Fig. 1 of Ref. [44]), it is natural to propose the X(3940) to be η
′′
c (3S) [46]. The reaction
e+e− → J/ψX(3940) was studied in the framework of light cone formalism [47], supposing that the X(3940) is a
31S0 state or one of the 2
3P states. The results suggested that the X(3940) is a 31S0 charmonium.
Alternative explanation of the nature of the X(3940) as a hybrid charmonium state was suggested in [48]. In
molecular charmonium study, it is found that X(3940) can be described as a mixed charmonium-DD∗molecular state
with JPC = 1++ [49]. For tetraquark description, it was shown in [50] that the mass of X(3940) resonance does
not fit into the cc¯qq¯ state as a JPC = 2++ state. Besides, the tetraquark picture may be excluded as there is no
experimental evidence on its charged partner.
In this work, we study the decay reactions X(3940)→ D(∗)D¯(∗), assuming a 3S, 2P or 2D c¯c state to the X(3940).
We work in the nonperturbative 3P0 quark dynamics in which a qq¯ pair is created from or destroyed into vacuum.
The model, originally introduced by Micu [51], has made considerable successes in understanding low-energies hadron
physics. At least for meson decay, this approximation has been given a rigorous basis in strong-coupling QCD. The
3P0 model was first applied to evaluate strong decay partial widths of the three cc¯ states ψ(3770), ψ(4040), and
ψ(4415) in 1970’s [52, 53]. Barnes et al. calculated recently in the 3P0 model all open-charm strong decay widths of
40 cc¯ states up to 4.4 GeV, where a universal coupling strength is employed for the 3P0 vertex and all mesons take
spherical harmonic oscillator wave functions with a single length parameter [54].
We intend to evaluate the open-charm partial decay widths of the X(3940) in the 3P0 model with all model
parameters well predetermined. The effective vertex of the 3P0 model takes the form as in Refs. [55, 56],
Vij = λ~σij · (~pi − ~pj)FˆijCˆijδ(~pi + ~pj)
= λ
∑
µ
√
4pi
3
(−1)µσµijY1µ(~pi − ~pj)FˆijCˆijδ(~pi + ~pj) (1)
where σµij , Fˆij , Cˆij are respectively the spin, flavor and color operators projecting a qq¯ pair to the respective vacuum
quantum numbers. The wave functions of all mesons are approximated with the Gaussian form,
Ψnlm(~p) = Nnle
−b2p2/2 Ll+1/2n (b p)Ylm(θ, φ) (2)
where L
l+1/2
n (x) are the generalized Laguerre polynomial, ~p is the relative momentum between the quark and antiquark
in a meson, and b is the length parameter of the Guassian-type wave function.
3There are three model parameters, the length parameters of the radial wave functions of the D(∗) and X(3940)
mesons and the effective coupling strength λ of the 3P0 vertex, which must be nailed down before the X(3940) is
studied.
The D(∗) length parameter can be determined with the process D+ → µ+νµ. The partial decay width of the
reaction D+ → µ+νµ is given by
Γ =
pf
32MD pi2
∫
|TD+→µ+νµ |2dΩ (3)
with
TD+→µ+νµ =
∫
d~p
(2pi)3/2
ψ(~p)
√
2MD√
2E1
√
2E2
Tcd¯→µ+νµ (4)
where Tcd¯→µ+νµ is the transition amplitude of the process ud¯ → µ+νµ and ψ(~p) is the D meson wave function
in momentum space. Used as inputs the weak coupling constant G = 1.166 × 10−5 GeV−2, the CKM element
|Vcd| = 0.230, the D+ meson mass MD = 1.870 GeV, the c quark mass mc = 1.27 GeV, the d quark mass as the
constituent mass md = 0.35 GeV, and the experimental value of ΓD+→µ+νµ = 2.42 × 10−7 eV, we derive the length
parameter of the D meson to be BD = 2.28 GeV
−1. This value is larger than the one employed in [54], i.e. 2.0
GeV−1. Note that it is impossible to estimate an error range for the the length parameter as the CKM element |Vcd|
alone would lead to a sizable error bar for the D meson decay width.
The investigation of the reactions ψ(2S) → e+e− and ψ(3770) → e+e− reveals that the ψ(2S) possess a small
D-wave component but the X(3770) is mainly a 1D state with some S-wave component. These two mesons may
couple as
ψ(2S) = cos θ |2S〉 − sin θ |1D〉
ψ(3770) = sin θ |2S〉+ cos θ |1D〉 (5)
where θ is the mixing angle between the 2S and 1D states. By fitting the theoretical decay widths to the experimental
values [57] of Γψ(2S)→e+e− = (2.35 ± 0.04) keV and Γψ(3770)→e−e+ = 0.262 ± 0.018 keV, the length parameter and
mixing angle were obtained as Bψ(3770) = (1.95 ± 0.01) GeV−1 and θ = (10.69 ± 0.63)o or (−27.6 ± 0.69)o in the
present model [58]. The mixing angle derived here is in agreement with results from other works [59, 60].
Using the mixing angle θ = 10.7o or −27.6o, the length parameters Bψ(3770) = 1.95 GeV−1 and BD = 2.28 GeV−1
to fit the experimental decay widths of Γψ(3770)→D+D− = (11.15 ± 1.09) MeV and Γψ(3770)→D0D¯0 = (14.14 ± 1.36)
MeV [57], we get the corresponding effective coupling strength λ = (0.68± 0.04) or (4.15± 0.20).
We expect that the reaction e+e− → DD¯ at energy threshold is dominated by the two-step process in accordance
with other work using an effective Lagrangian approach [61] and with studies of various reactions at low energies in
the 3P0 models [55, 56, 62]. In the two-step process, the e
+e− pair annihilates into a virtual time-like photon which
decays into a cc¯ pair; these created cc¯ firstly form an intermediate vector meson and then the vector meson finally
decays into DD¯. With only the J/ψ, ψ(2S) and ψ(3770) included as intermediate mesons, we fit the lineshape of the
ψ(3770) meson in the e+e− → DD¯ cross section with two sets of model parameters: {θ = 10.69o, λ = 0.68, BD =
2.28 GeV−1, Bψ(3770) = 1.95 GeV
−1} and {θ = −27.6o, λ = 4.15, BD = 2.28 GeV−1, Bψ(3770) = 1.95 GeV−1} as
shown in Fig. 1. It is found that the experimental data strongly favor the first set of parameters as the second set of
parameters leads to a ψ(3770) peak over 10 times higher than the experimental values [63, 64].
Next, we evaluate the partial decay widths of the X(3940) meson in the 3P0 quark model with all model parameters
predetermined. We assume in this work that the length parameter of X(3940) is given by BX(3940) = Bψ(3770)=1.95
GeV−1 and we use BD(∗)=2.28 GeV−1 and the effective coupling strength of the 3P0 vertex λ = 0.68 ± 0.04. We
consider the X(3940) as either a 3S, 2P or 2D cc¯ meson since potential models predict a mass around 4 GeV for a
cc¯ meson in the 3S, 2P and 2D states. Listed in Table I are the theoretical results compared with the Belle data
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FIG. 1: Theoretical results for the cross section of the reaction e+e− → DD¯ at energy threshold. The J/ψ, ψ(2S)
and ψ(3770) are included as the intermediate mesons. The upper panel is resulted from the parameters {θ = 10.69o, λ =
0.68, BD = 2.28 GeV
−1, Bψ(3770) = 1.95 GeV
−1} while the lower panel is from the parameters {θ = −27.6o, λ = 4.15, BD =
2.28 GeV−1, Bψ(3770) = 1.95 GeV
−1}. The experimental data are from the Belle [63] and the BaBar [64].
[45] in the last row. The values in parentheses are decay widths derived with the parameters in Ref. [54], where the
3P0 strength λ = 0.4 and a size parameter 2.0 GeV
−1 is applied to all mesons. It is noted that our results are fairly
consistent with the ones derived with the model parameters from Ref. [54].
Since the X(3940) has been observed in the D∗D¯ channel but not in the DD¯ decay mode, the states 3 3S1, 2 3P0,
2 3P2, 2
3D1 and 2
3D3 are clearly ruled out and possible states are then 3
1S0, 2
1P1, 2
3P1, 2
1D2 and 2
3D2. However,
when considering that the reaction e+e− → J/ψX is dominated by the one photon exchange process, the charge
conjugation invariance demands that the X(3940) must be a C = 1 state. Therefore, the only possible candidates for
the X(3940) are the states 3 1S0, 2
3P1 and 2
1D2 which have positive charge conjugation.
It is difficult to accommodate the X(3940) with the 2 1D2 state as the mass of the 2
1D2 cc¯ meson obtained in
the framework of potential approaches is 4150 − 4210 MeV [65]. The large decay width of the 2 3P1 derived in this
work makes this state unlikely to accommodate the X(3940). The prediction for the decay width of the 3 1S0 state
is more or less consistent with the experimental data, and hence one might consider interpreting the X(3940) as a
3 1S0 cc¯ state. However, one problem with this interpretation is that the mass of the 3
1S0 cc¯ meson is derived as
4040− 4060 MeV in potential approaches [65]. Given the success of the potential quark model (see Ref. [65, 66] for a
recent review), to assign the 3 1S0 cc¯ meson a mass of 3940 MeV will cause great concern about the non-relativistic
5TABLE I: Partial decay widths of the processes X(3940) → D(∗)D¯(∗), where X(3940) is assumed to be a 3S, 2P or 2D cc¯
state. The Belle data [45] is shown in the last row.
States ΓDD¯ (MeV) ΓD∗D¯ (MeV)
3 1S0 - 99.8± 12.0 (74.1)
3 3S1 80.3± 9.6 (56.2) 66.5± 8.0 (49.4)
2 1P1 - 109.3± 13.1 (140.4)
2 3P0 90.5± 10.9 (130.8) -
2 3P1 - 204.5± 24.5 (271.4)
2 3P2 65.7± 7.9 (66.2) 8.5± 1.0 (8.7)
2 1D2 - 15.3± 1.8 (17.2)
2 3D1 54.6± 6.6 (64.3) 12.5± 1.5 (16.1)
2 3D2 - 22.6± 2.7 (25.6)
2 3D3 7.6± 0.9 (6.4) 0.27± 0.03 (0.23)
X(3940) - 37+26−15 ± 8
cc¯ phenomenology.
One may argue that the prediction of the 3P0 quark model may not be so reliable. We have to admit that if
the same model parameters are applied to both the light and heavy meson sectors, one may expect only qualitative
results and sometime even misleading results. For instance, the theoretical ρ decay width in Ref. [67] is only half its
experimental value, and the partial decay width of the process ψ(4040) → DD¯ in Ref. [54] is almost zero which is
strongly inconsistent with experimental data [63, 64]. In this work, however, the model parameters have been fitted
with very relevant reactions and hence the theoretical results listed in Table I reflect the physics to a large extent.
We strongly argue that the 3P0 quark model should be applied with the model parameters carefully fixed with very
relevant reactions.
In summary we may conclude that it is difficult to accommodate the X(3940), observed in the process e+e− →
J/ψX via the X(3940)→ D∗D¯ decay mode [44], with any cc¯ meson state in the picture of the potential quark model
(for charmonium spectrum evaluation) plus the 3P0 quark dynamics (for decay width evaluation). Given the great
success of the potential quark model and the 3P0 quark dynamics and the careful predetermination of the model
parameters, the conclusion may reflect the physics to a large extent though it is model dependent.
The nature of theX(3940) is still an open question. A tetraquark picture may be excluded as there is no experimental
6evidence on a charge partner. Considering the consistence and inconsistence between experimental data and theoretical
predictions for the X(3872) in the molecular picture, one may explore the interpretation for the X(3940) as a mixture
of a 3 1S0, 2
3P1 or 2
3D2 cc¯ component and DD
∗ molecular state.
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